Abstract-Large-aperture biased photoconductive emitters which can generate high-power narrow-band terahertz (THz) radiation are developed. These emitters avoid saturation at high fluence excitation and achieve enhanced peak power spectral density by employing a thick layer of short-lifetime low-temperature-grown GaAs (LT-GaAs) photoconductor and multiple-pulse excitation. THz waveforms are calculated from the saturation theory of large-aperture photoconductors, and a comparison is made between theory and measurement. A direct comparison of the multiple-pulse saturation properties of THz emission from semi-insulating GaAs and LT-GaAs emitters reveals a strong dependence on the carrier lifetime. In particular, the data demonstrate that saturation is avoided only when the interpulse spacing is longer than the carrier lifetime.
I. INTRODUCTION
T ERAHERTZ (THz) radiation has been the focus of intense research for over a decade. THz radiation has been generated by illuminating various emitters, including externally biased photoconductive (PC) antennas, surface builtin field biased semiconductors, and nonlinear crystals with short optical pulses. The strongest radiative power below 2 THz has been generated by externally biased PC antennas [1] - [3] . High-power THz radiation is desirable for a number of applications both in science and engineering. Therefore, a great deal of effort has been made to understand the limitations of the available emitters and to increase the power of emitted THz radiation [1] - [8] .
The generation of narrow-band THz radiation was demonstrated by Liu et al. [9] , [10] and Weling et al. [11] , in which PC emitters were excited using optical pulse trains derived from femtosecond optical pulse-shaping [9] , [10] or interference of highly chirped optical pulses [11] . Such narrowband THz radiation can be applied to communications or spectroscopy where narrow-band excitation and/or tunability is desirable. For nonlinear spectroscopy, high-power radiation as well as narrow-band THz radiation is also desirable. Liu et al. demonstrated that, by using multiple-pulse excitation, one can avoid saturation of the THz emitter and generate a larger peak power at the selected THz frequency compared to singlepulse excitation [9] . The work of Liu et al. and Weling et al. was performed with dipole antenna emitters and weak ( 1 nJ) excitation pulses. For high-power THz radiation, the use of large-aperture antennas and high-energy pulse excitation is recommended.
In this paper, we present our investigations on high-power narrow-band THz large-aperture PC emitters [12] . We have developed large-aperture PC antennas for narrow-band THz radiation that can be used with amplified excitation pulses with fluences of up to several mJ/cm . We significantly reduced saturation effects and substantially enhanced the peak power spectral density of the emitted THz radiation by using multiple-pulse excitation of PC emitters fabricated on a lowtemperature-grown gallium arsenide (LT-GaAs) photoconductor [13] , [14] . Because of the near-field nature of the fieldscreening of the biased emitter, we find that short carrier lifetime of the photoconductor is very important. We also determined that the thickness of the short carrier lifetime photoconductor is important when designing emitters for use with high excitation fluence. When the thin-film photoconductor is excited by high fluence optical pulses, a portion of light penetrates into the substrate which has a long carrier lifetime, which in turn degrades the performance of the PC emitter.
In Section II, we review the theory of saturation of largeaperture PC antennas and discuss important factors in the design of large-aperture PC emitters. The modeling procedure which we developed to predict THz radiation from the antenna will also be presented. We describe the experimental setup in Section III. In Section IV, experimental results will be discussed, and in Section V we conclude.
II. DESIGN OF THE LARGE-APERTURE PC-ANTENNA FOR HIGH-POWER NARROW-BAND THz GENERATION

A. The Theory of Saturation of Large-Aperture Photoconductors
In this section, we review the theory of large-aperture PC antennas and point out important implications. When a large-0018-9197/99$10.00 © 1999 IEEE Fig. 1 . The photoconductive biased emitter. E b : biased electric field; V b : applied voltage; Js: induced current; E r; 1 , H r; 1 : radiated electric and magnetic field into the semiconductor; and E r; 2 , H r; 2 : radiated electric and magnetic field into the free space.
aperture PC antenna is excited by strong optical pulses, the THz output strength is saturated. This saturation comes from the screening of the externally applied bias field. The origins of this screening are known to be radiation field screening [1] and space-charge screening [5] , [15] . In radiation field screening, the near-field generated at the surface by the transient current cancels out a portion of the bias field. For a large-aperture antenna, where the aperture size is larger than the center wavelength of the emitted THz radiation, the radiation field screening effect can be derived from simple electromagnetic boundary conditions as follows [1] .
The electric and magnetic fields around the antenna can be divided into stationary fields from the applied bias ( ) and transient fields from the induced current from optical excitation (
). Fig. 1 shows a large-aperture PC emitter and depicts the quantities which are relevant to the theory. We use ( ) and ( ) to designate the transient field inside the semiconductor and free space, respectively. Since there is no current without optical excitation of the emitter, only an electric field is present ( ) before the arrival of the excitation pulses. When the photoconductor is excited, the photogenerated carriers flow in the bias field, generating surface current . When there is surface current density , the following boundary conditions hold:
When the aperture of the antenna is large compared to the wavelength of the radiation, and can be related to and by (3) and (4), respectively,
where is the intrinsic impedance of free space and is the relative dielectric constant of the photoconductor. By combining (1)- (4), we obtain the following equation, which relates the surface current to the radiated electric field: (5) Equation (5) tells us that the electric field component developed at the surface by surface current is opposite to the direction of . Also, can be expressed using Ohm's law (6) where is the surface conductivity of the emitting antenna. Combining (5) and (6), we get the following equation for surface current :
It is evident from (7) that the magnitude of the induced current is saturated when (i.e., when excited by high fluence pulses). The far-field radiation from the current distribution on the propagating axis of the radiation can be expressed by [16] ( 8) where is the area of the emitter carrying the current distribution. When comparing (5) and (6), we observe a difference between the far-field and the near-field. The farfield is proportional to the time-derivative of the current, while the near-field is directly proportional to the current. The saturation behavior of the photoconductive emitter is governed by the near-field as shown in (7) . Because the near-field is proportional to the surface current, and not to its timederivative, the saturation effect persists as long as there is current. The difference is clear when a long carrier lifetime photoconductor is considered. When the photoconductor is illuminated by a short optical pulse, a current surge is generated which leads to THz radiation. If the carrier lifetime is long, current keeps flowing long after the excitation pulse is gone. If another pulse arrives before the current dies out and excites the emitter, a new THz pulse will be generated, but this time the background current which is already present may affect the THz generation.
The space-charge screening arises from the separation of the photogenerated electrons and holes in the bias electric field. When the electrons and holes drift in the opposite direction, regions of net positive and negative space charge develop. The electric field induced by this space charge is in the opposite direction to the bias field and screens the bias field. This space screening can be important for small dipole antennas, but, for large-aperture antennas, radiation screening is the major source of the saturation [17] .
B. Design Considerations in Developing the Large-Aperture Antenna for Multiple-Pulse Excitation
When designing THz emitters which overcome saturation and generate strong narrow-band radiation, we should consider several things. First, from the near-field nature of the screening, we know that the lifetime of the carrier should be short compared to the interpulse spacing of the excitation pulse train. Assuming exponential decay, the interpulse spacing should be larger than the lifetime by a factor of two to three in order to reduce the carrier population to below 10% of the peak value. This means that, in order to have narrow-band radiation around 300 GHz, where interpulse spacing is 3.3 ps, a carrier lifetime shorter than 1 ps is required. Another important factor is the thickness of the photoconductive layer. Generally, a fast photoconductive layer is epitaxially grown on another semiconductor substrate with a long carrier lifetime (typically 100 ps). If the excitation pulse penetrates into the substrate, very slowly decaying electron and hole populations are generated, and the performance of the emitter is degraded. For a GaAs epitaxial layer, the absorption coefficient at 800-nm wavelength is m [18] . Therefore, if the thickness of the epitaxial layer is 1 m, about 30% of the light is absorbed into the substrate. In order to reduce substrate absorption below 5%, at least 3 m of the epitaxial thickness is required. Now we will examine the power/amplitude scaling relations of the THz radiation relevant to our work on multiple-pulse excitation. First we examine the case when the THz emitter operates in a linear regime. The optical excitation generates THz radiation . Then, the optical excitation is split without loss into pulses with interpulse separation as
Since the emitter is in the linear regime, the THz radiation from the -pulse excitation can be calculated as a linear combination of single-pulse responses shown by (10) The Fourier spectrum of is given in (14)
where is the Fourier transform of the THz pulse from single-pulse excitation. We now have the multipulse THz spectrum which is represented by the multiplication of the single-pulse THz spectrum and the interference term. As the frequency approaches the multiples of the repetition rate of the pulse train, , where is an integer, and the interference term approaches 1 as shown by (15) When the emitter operates in the linear regime, multiple-pulse excitation of the same integrated optical fluence generates the same peak spectral amplitude as single-pulse excitation at the frequency of . There is no gain in terms of the spectral amplitude when we excite the linear emitter with multiple pulses, but the spectrum of the multiple-pulse excited THz becomes narrower as the number of pulses is increased. Therefore, if the purpose of the multiple-pulse excitation is frequency selection, this can be achieved as demonstrated by Liu et al. [9] , [10] . Now consider the case when the emitter is completely saturated both by a single pulse of and by individual pulses of the -pulse train. Here we consider an ideal situation where the emitter recovers from the saturation very rapidly compared to the interpulse spacing of the multiplepulse train. Since the emitter is completely saturated, and should generate roughly the same THz radiation. In this case, the THz radiation from multiple-pulse excitation is represented by (16) and the Fourier spectrum is given as (17) Again, is the Fourier transform of the THz generated by single-pulse excitation. At the frequency , the spectral amplitude of is times larger than that of , i.e., . This translates into an enhancement in the peak power spectral density of the THz radiation generated by -pulse excitation, illuminating a completely saturated emitter. The total THz power around is proportional to since the spectral narrowing partially compensates for the enhancement in the power density.
When there is partial saturation in the THz output for singlepulse excitation, but still fast interpulse recovery, (18) where . There will still be enhancement-but reduced-compared to complete saturation.
C. Simulation of THz Radiation from Large-Aperture PC Antennas Subject to Saturation
Numerical calculations were performed to predict the saturation behavior of the emitters quantitatively. We calculated far-field radiation from the large-aperture PC antenna taking into account the saturation. In this calculation, only radiation screening was included. The space-charge screening effect was not considered since it has a negligible effect on the large-aperture antenna [17] . To account for the absorption of the light in the substrate, we used two layers of electrons which correspond to the electrons in the epitaxial thin film and the substrate, respectively. For SI-GaAs emitters, the two layers were assumed to have the same mobility and the same recombination time.
The electron concentration in the epitaxial layer can be calculated from (19) where is the recombination/trap lifetime in the epitaxial layer, is the excitation pulse intensity profile, is the reflection coefficient at the photoconductor surface, is the distance from the semiconductor surface, and is the excitation photon energy. In (19) , the first term on the right-hand side represents the absorption of the light which leads to the generation of electrons (and holes). The second term represents the removal of electrons from the conduction band through recombination or trapping. The sheet electron concentration in the epitaxial layer is defined as (20) where is the thickness of the epitaxial layer. Then, (19) can be integrated to yield (21) (22) In (22), the linear absorption of light with absorption coefficient was assumed. The sheet electron density in the substrate is calculated as
where is the recombination/trap lifetime of electrons in the substrate. In (23) and (24), we assumed that all the light that reaches the substrate will be absorbed inside the substrate and generate electrons and holes.
In (22) and (24), the current transport effect was ignored ( ), since this effect is very small compared to the fast decaying term. The current transport term can approximated by , where is the size of the emitter and is the velocity of electrons, while the decaying term is . If we use the saturation velocity of GaAs ( cm/s), cm, and ps, then : : ( ). Therefore, the current transport term can be safely ignored for the large-aperture antenna calculation.
The surface current density is obtained using (7) with the sheet conductivity given by (25) where and are time-independent electron mobilities in the epitaxial layer and the substrate, respectively. In this formalism, we ignored the hole concentration due to its low mobility. When we have the surface current , we can calculate the far-field radiation using (8). In order to compare with the measured waveforms, we calculated the waveforms which would be measured from the THz electric field . For measuring the THz waveforms, we choose the electrooptic (E-O) sampling technique [19] because of its large bandwidth. In the calculation of the measured waveforms, we took into account the effect of the probe beam pulsewidth and the group velocity mismatch (GVM) of the optical probe and the THz radiation. The GVM effect is important because of the thick (1-mm) sensor ZnTe crystal we used. The optical probe profile with GVM taken into account is given by (26) where is the temporal profile of the probe pulses and is the unit pulse function, given as otherwise.
The measured THz waveform can be calculated using the convolution integral of (28) In the calculation, we used ps and ps.
III. EXPERIMENTAL SETUP
The experimental setup for the narrow-band THz generation through multiple-pulse excitation is shown in Fig. 2 . An amplified Ti : sapphire laser system produces 130-fs 0.7-mJ pulses at 800 nm with a repetition rate of 1 kHz. We carefully eliminated the prepulses preceding the main amplified pulse by 1 ns by placing a Pockel's cell after the amplifier. This was necessary since even very small prepulses could affect the saturation properties of the emitter. Roughly 90% of this beam is input into a novel hyper-Michelson interferometer [20] , which is used to produce a train of equal-amplitude pulses separated by 3.3 ps, corresponding to a repetition rate of 300 GHz. Fig. 3 shows the hyper-Michelson interferometer used in this work, which can generate 2-8 pulses. We chose to generate pulse sequences after the amplification of the optical pulses in the regenerative amplifier in order to avoid crosstalk between the adjacent pulses during amplification [21] . A typical cross correlation of an 8-pulse optical pulse output from this interferometer with the unshaped reference gate pulse is shown in Fig. 4 . The optical pulse train is lightly focused to a 4-mm-diameter spot and is incident on a 5-mmgap photoconductive emitter biased at 3 kV/cm. E-O sampling with a 1-mm-thick ZnTe crystal was used to detect the THz radiation. The THz electric field is mapped out temporally by scanning the time delay between the probe pulse and the THz pulse train using a computer-controlled stepper motor stage.
We studied four PC emitters made on SI-GaAs and LT-GaAs [13] . The photoconductors consisted of a 1-mm-thick SI-GaAs sample and three samples with a 2.8-m-thick LT-GaAs layer grown on a 0.6-mm-thick SI-GaAs substrate. The LT-GaAs layers were grown at 280 C by molecular beam epitaxy and subsequently annealed for 30 s at 575 C, 600 C, and 625 C. For the SI-GaAs sample, the carrier lifetime is 100 ps, while for the LT-GaAs samples, the lifetimes are all 10 ps. We used a thick layer of LT-GaAs (2.8 m) to reduce the absorption of the light in the substrate and subsequent contributions of the carriers generated in the substrate to the THz signal.
IV. RESULTS
A. Single Pulse Excitation
Fig . 5 shows the THz waveforms from four emitters excited by single pulses of low optical excitation fluence. The dotted lines are the calculated waveforms. The lifetime of the photogenerated carriers used in the calculation is given in each figure. Because of the very low excitation fluence, the saturation effect is almost negligible, and the carrier lifetimes of the photoconductors were the only adjustable parameters in this fit. From the three waveforms from LT-GaAs emitters (a-c), we can clearly identify the transition from nearly symmetrical bipolar radiation to asymmetrically bipolar or almost unipolar radiation. This is a direct consequence of the different carrier lifetimes of LT-GaAs layers annealed at different temperatures. The SI-GaAs emitter has almost unipolar waveforms. The slight negative feature in the waveforms from the SI-GaAs emitter after the main peak is not understood at this time. Some of us recently reported on the comparison between the THz waveforms measured by E-O and PC-sampling techniques using the same LT-GaAs photoconductors as detectors [22] . In that research, we used a 1.3-ps carrier lifetime as a fitting parameter to model the PC detector fabricated on LT-GaAs annealed at 600 C which is substantially different from the 0.7 ps used as a fitting parameter here. This discrepancy might be related to the presence of several different lifetimes in the semiconductor and the possibility of our detecting different lifetimes depending on whether we use the material as an emitter or as a detector. To independently determine the carrier lifetime, we performed optical pump-probe differential reflection measurements and electrical lifetime measurements using sliding contact excitation [23] . The results of these measurements are summarized in Table I . The optical pumpprobe measurements at 855 and 810 nm measured different lifetimes, and, for 600 C annealed LT-GaAs, they are close to the value used here for the emitter and the value used to model the PC detector, respectively. The sliding contact measurements at 810 and 855 nm produced lifetimes close to the one measured by the optical pump probe at 810 nm. Despite the range of lifetimes obtained from these different measurements, we can say that the lifetimes used to fit Fig. 5 are within the range of values estimated via these techniques. We also note that exact fitting of the single-pulse data of Fig. 5 is not essential for our multiple-pulse experiments discussed below. are shown here. We can observe several features. While the waveforms from the SI-GaAs emitter did not change much at different excitation fluences, the waveforms from the LTGaAs emitter changed dramatically when the fluence was increased from 5 to 500 J/cm . We can clearly observe that the negative peak, which is as high and fast as the positive peak in the low fluence excitation case as shown in Fig. 6(a) , becomes very broad and weak. This can be explained by the saturation effect. The positive and negative peaks come from the rising and falling edges of the current profile, respectively. When the excitation fluence is small, i.e., when the emitter is not saturated, the current follows the temporal profile of the carrier concentration. When the carrier concentration dies out after a short lifetime, the current does too, which generates a strong negative peak. When the emitter is excited by high fluence pulses, the emitter is driven into the saturation regime. In deep saturation, the current is no longer sensitive to the carrier concentration or conductivity and the current cannot decay quickly, even when the carrier concentration does. This slow decay of the current at high fluence leads to the smaller and extended negative feature. Furthermore, with high fluence excitation, a lot of carriers are generated in the substrate, and the presence of the large population of long-lifetime carriers affects the waveforms.
With low fluence excitation, the THz radiation from the SI-GaAs emitter is stronger (positive peak 3.7) than the THz from the LT-GaAs emitter (positive peak 1.6). But, at the high fluence, THz emission from LT-GaAs is comparable to or slightly stronger than the emission from SI-GaAs. This is because for low fluence excitation the mobility of the photoconductor determines the strength of the THz radiation, while at the high fluence they saturate at the same strength determined by the bias value. The dashed lines in Fig. 6 show the calculated THz waveforms from the SI-GaAs emitter and the LT-GaAs emitter with the corresponding excitation conditions used in the experiments. Throughout this paper, the linear absorption coefficient ( m) was used. The amplitude of the calculated waveforms was normalized so that the measured and calculated waveforms have the same peak intensity for low fluence excitation of LT-GaAs [ Fig. 6(a) ]. We observed good agreement in the amplitude between the corresponding measured and calculated waveforms in Fig. 6 . Again, the negative features in the waveforms from SI-GaAs cannot be explained. The waveform measured with high fluence excitation of LT-GaAs generated a waveform very close to the one predicted by calculation.
With single-pulse excitation, little improvement was possible in obtaining high-power THz radiation, even when we used short-lifetime material, because all were subject to the same saturation limits from the carrier lifetime being much longer than the pulse duration. (Even with the carrier lifetime much shorter than the pulse duration, one cannot get enhancement because then the amount of current itself will be reduced.)
B. Two Pump-Pulse Experiments
In order to observe the duration of the saturation effect directly, we performed two pump-pulse experiments [8] on the LT-GaAs and SI-GaAs emitters. We used two equal fluence optical pump pulses to excite the emitters and scanned the spacing between the two pump pulses, while only one of the pump pulses was mechanically chopped. The probe pulse delay was set such that we measured the peak THz signal from the chopped excitation beam. Fig. 7 shows the results of the two pump-pulse experiments on (a) SI-GaAs and (b) LT-GaAs emitters. The LT-GaAs emitter was annealed at 600 C. The results for optical fluence of 300, 36, and 3.6 J/cm for each pump pulse are shown and all results are individually normalized. As expected from the results of [8] , for the SIGaAs emitter, the radiation from the chopped pump pulse is reduced from the value before the arrival of the unchopped pump (negative time delay in the figure) and does not recover at all. Some sharp features around zero time delay seem to be a coherent artifact arising from the interaction of two pump pulses when they overlap in time [24] . We observe that the saturation effect in SI-GaAs is quite dramatic even with low fluence excitation. In the single-pulse excitation experiment, saturation effects are very weak for excitation fluences below a few J/cm . The difference arises because the far-field radiation is generated predominantly during the rising edge of the current profile in the SI-GaAs. Therefore, in the singlepulse excitation case, the peak of the THz field does not correspond to the near maximum of the carrier concentration, and the THz emission process suffers less from saturation. But, in the two-pump-pulse (or multiple-pulse) experiment, the carrier population generated by the first pulse has not decayed when the second pulse arrives. Therefore, the THz generation process from the second excitation pulse sees the entire carrier concentration from the first pulse and experiences severe saturation.
In contrast to the SI-GaAs emitter, the LT-GaAs emitter shows very different features, including a very fast recovery. Once again, the sharp feature which is seen very clearly for 30 J/cm excitation fluence case seems to be a coherent artifact. Because of this, it is difficult to determine the recovery time of the LT-GaAs from this low fluence excitation data. However, the recovery looks complete after 1.3 ps. The higher fluence excitation results show somewhat slower and incomplete recovery which becomes worse with increasing fluence. This feature seems to be from absorption of the pump light in the substrate. One might think of the possibility of the saturation of traps in the LT-GaAs layer [25] . The fast removal of the carriers from the conduction band in the LTGaAs is due to the traps induced by excessive arsenic in the epitaxial film. But, when the traps remove electrons from the conduction band, the actual recombination of the trapped electrons with the holes occurs on a much longer time scale. Therefore, once the trap is filled with electrons, the trapping of the electrons in the conduction band stops. Although we cannot rule out the possibility of trap saturation, this seems not to be the dominant cause of the incomplete and slow recovery shown here. To confirm this further, we performed optical pump and terahertz probe experiments [26] on the LT-GaAs. The experiments were performed on the same LT-GaAs sample as well as on a 1-m-thick LT-GaAs film grown under similar conditions. To isolate the effect of the substrate, we repeated the experiments with this 1-m-thick sample both with and without the substrate. The results are shown in Fig. 8 . In the case with the substrate-removed 1-m-thick sample [ Fig. 8(a) -(i) and (ii)], the recovery was complete in the excitation fluence range 450 J/cm , while the 1-m-thick sample with the substrate [ Fig. 8(a)-(iii) ] showed incomplete recovery even with 80-J/cm excitation fluence. The results with a 2.8-mthick sample are shown in Fig. 8(b) and it shows incomplete and slow recovery at the higher fluences. When compared with the data from the 1-m-thick samples, the observed incomplete recovery can be attributed to substrate absorption. There is no evidence of trap saturation effects. We performed simulations of the two pump-pulse experiments to verify our understanding of the saturation. Because of the nature of the pump scheme where only one of the two pump pulses was chopped, the simulation procedure was modified a little in order to simulate the detection of the THz radiation from the second excitation pulse only. First, we calculated the reference THz waveform with a single excitation pulse. Then, we repeated the calculations with two pump pulses, and the simulated THz waveforms corresponding to our experiment were obtained by subtracting the reference THz waveform from the calculated two-pump-pulse excited waveform. Fig. 9 shows the result of the simulation. For this simulation, the electron mobilities of LT-GaAs and SI-GaAs were assumed to be 1500 and 3000 cm /V s, respectively. The carrier lifetime was 0.7 ps for the LT-GaAs layer and 100 ps for the SI-GaAs layer. We observe a qualitative agreement between the corresponding curves in Figs. 7 and 9. We observe that the combined response from the LT-GaAs layer and the SI-GaAs substrate is slowed down when excited by very high fluence, and the emission does not recover to its original value after a long time. This again confirms the importance of the role of the substrate absorption when we design LT-GaAs emitters for high optical excitation fluence operation. Fig. 10 . The same parameters were used as before. As observed in Fig. 10(a) , when the optical excitation fluence is low, the THz pulse trains from the LT-GaAs are just the linear combination of the THz waveform by single pulse excitation. This is exactly expected when there is no saturation. On the other hand, Fig. 10(c) shows that the THz pulse train from SI-GaAs suffers from saturation even with low fluence excitation which is evidenced by the decreasing amplitude of the peaks. When the excitation fluence is increased to 500 J/cm , the LTGaAs emitter also begin to show some sign of the saturation [ Fig. 10(b) ]. This saturation is, as we discussed in Section IV-B, from the photocarrier generation in the SI-GaAs substrate. But, even in this case, the last pulse in the train retains more than 60% of the peak amplitude than the first one. was the lowest fluence where both single-pulse and 8-pulse excitation data were taken. We can see that at 20 J/cm excitation fluence, the emitters are already experiencing slight saturation in single-pulse excitation case, because the peaks of the 8 pulse excited THz spectrum go higher than the spectral density obtained from the single-pulse excitation waveforms.
C. Narrow-Band THz Generation Using Multiple-Pulse Excitation
In Fig. 11(c) , we clearly observe high-power narrow-band THz radiation achieved by using multiple-pulse excitation.
In Fig. 12 , the power spectral density at the fundamental frequency ( GHz) of the THz waveforms from (a) SI-GaAs and (b) LT-GaAs emitters excited by single or multiple pulses are shown. The LT-GaAs sample was annealed at 600 C. It should be noted again that, in the 8-pulse excitation case, the term "fluence" means integrated fluence over all pulses in the pulse train. The dashed line is to guide the eye and it represents the quadratic fluence dependence of the power spectral density. When the emitter is not saturated, the peak power spectral density is expected to follow this quadrature dependence, because the THz amplitude should be proportional to the current density which is proportional to the optical excitation fluence through the photogenerated carrier density. Judging from the slope of the curve in Fig. 12(a) , the SI-GaAs emitter seems to be in slight saturation even with the lowest excitation fluence. This is in agreement with the time domain data shown in Fig. 10 . When the fluence is increased, we observe very strong saturation of the THz power for all single-or multiple-pulse excitation cases with the SI-GaAs emitter. The spectral power density data for the LTGaAs emitter shows different features. In the lowest excitation region, the slope of the curve is almost exactly two. This is in agreement with the time domain data which showed the linear operation of the emitter. Also, when we increased the excitation fluence, multiple-pulse excitation gives stronger THz radiation than single-pulse excitation. The enhancement obtained by using 8-pulse excitation compared to single-pulse excitation is 7.5 for an excitation fluence of 500 J/cm .
In Fig. 13 , the power spectral density at the fundamental frequency of the THz waveforms from SI-GaAs and LT- GaAs emitters excited by (a) a single-pulse or (b) 8 pulses is shown. The dashed lines are guides for eye. When the emitter is excited by a single pulse of low fluence, the THz amplitude is proportional to the mobility and bias electric field. When we look at the low fluence excitation part of Fig. 13 , we observe that the SI-GaAs emitter generates the strongest radiation and the LT-GaAs emitter annealed at 575 C generates the weakest radiation. This is expected because of the reduced mobility of LT-GaAs, especially when annealed at lower temperatures. From this, we can estimate the difference in mobility. Since the current is proportional to the mobility, the factor of 12 difference in THz power translates into a factor of difference in mobility between the SI-GaAs and the LT-GaAs samples annealed at 575 C, in rough agreement with the reported value [27] . With high fluence excitation, all the THz radiation power densities converge to a single value determined by the bias. Here, we observe that the high electron mobility of the SI-GaAs photoconductor does not contribute to high THz amplitude when it is limited by saturation. In Fig. 13(b) , we find again that at low excitation fluence the high mobility of the SI-GaAs layer has the advantage of generating more THz energy even with 8-pulse excitation. But, when the excitation fluence is increased, this order is reversed and, at the highest fluence used in the experiments, the SI-GaAs emitter generated the least THz power. When comparing LTGaAs emitters, the LT-GaAs emitter annealed at 600 C had the best performance. The reason that the 600 C annealed LT-GaAs had a better performance than the one annealed at 575 C is the higher mobility of the 600 C sample. But, it should be noted that none of the curves are in complete saturation in the fluence range used in our experiments, as can be seen from the slopes of the curves. It is possible that when we further increase the fluence the 575 C annealed sample may have the best performance. Fig. 14 shows the calculated version of Fig. 12 . The same set of parameters as in Section IV-B was used for this calculation which corresponds to the emitters on SI-GaAs and LT-GaAs annealed at 600 C ( cm /V s, cm /V s, ps, and ps). Fig. 14(a) shows that for the SI-GaAs emitter no enhancement can be obtained by using multiplepulse excitation when the integrated fluence is fixed, while Fig. 14(b) shows large enhancement from the LT-GaAs emitter excited by the multiple-pulse sequence. An interesting note is that the performance of the LT-GaAs emitter becomes poorer above 2-mJ/cm excitation fluence. This derives from the fact that at very high fluence the carriers generated in the substrate dominate the saturation process. Therefore, at the high fluence limit, the performance of the LT-GaAs emitter converges to that of SI-GaAs. This gives the upper bound of excitation energy which can be used to extract more THz energy. From the calculation, we estimate this energy for our LT-GaAs emitter to be between 1 and 5 mJ/cm .
In Section II-A, it was shown that when an emitter is in complete saturation, the enhancement in the peak power spectral density which can be obtained by using an -pulse sequence is a factor of . In this case of 8-pulse excitation, this predicts a factor of 64 enhancement. The reason that we have only a factor of 7.5 enhancement is twofold. When the excitation fluence is very high, the saturation effect from the photogenerated carriers in the substrate plays an important role. Therefore, the assumption of complete recovery between the pulses in the pulse train which was assumed in the theory does not hold. Second, in the theory, we assumed that the emitter is in complete saturation such that the individual pulses in the train can generate the THz radiation of the same strength as the single-pulse excitation which has the same integrated fluence as the whole pulse train. But, in this experiment, it is not the case. In Fig. 13(a) , we observe that the THz power density from the 600 C annealed LT-GaAs emitter by singlepulse excitation at energy fluences of 500 and 60 J/cm are different by a factor of 5. The fluence of 60 J/cm is approximately the same fluence as that for the individual pulses in the 500-J/cm integrated fluence 8-pulse sequence. Therefore, we know that the individual pulses in that pulse train do not drive the emitter into complete saturation. If we carefully observe the slope of the curve for 600 C annealed LT-GaAs in Fig. 13 , we can find that even a single pulse of 500 J/cm cannot drive the system into complete saturation. Therefore, to observe the predicted maximum enhancement of 64, the integrated fluence of the 8-pulse sequence should be larger than mJ/cm .
V. CONCLUSION
We developed large-aperture photoconductive THz emitters that can generate high-power narrow-band THz radiation. We reduced saturation effects and enhanced the peak power spectral density of the emitted THz radiation by using multiplepulse excitation of the low-temperature-grown GaAs (LTGaAs) PC emitters whose carrier lifetime is shorter than the pulse spacing. We have investigated the saturation properties of the biased large-aperture photoconductors excited by trains of amplified femtosecond optical pulses. A direct comparison was made of the saturation properties of SI-GaAs and LTGaAs emitters with different carrier lifetimes in view of the multiple-pulse excitation. Both numerical calculations based on the radiation screening theory of a large-aperture antenna and the experimental results showed that a large enhancement of the narrow-band THz output under multiple-pulse excitation is possible when the carrier lifetime of the photoconductor is less than the interpulse spacing. When the carrier lifetime was longer than the interpulse spacing, the radiation screening effect from the long-lived current reduced the enhancement. This confirms the near-field nature of the saturation from radiation screening. We also found that the thickness of the short carrier lifetime photoconducting thin film is a very important parameter. If the photoconductor is not thick enough, substantial population of carriers is generated in the long carrier lifetime substrate when the emitter is excited by high fluence pulses, which degrades the THz emission.
